1. Introduction
===============

Stress---physical, mental, and emotional---is increasingly recognized as an important issue and a potential modifiable risk factor toward the development of cardiovascular diseases.^\[[@R1]\]^ The physiological response to the both physical and mental stress may be reflective of a sympathetic hyper-reactivity,^\[[@R2]\]^ however, mental stress is more commonly associated with silent ischemic episodes and transient ischemic dilation of left ventricle.^\[[@R3]\]^ Nevertheless, the independent or concomitant mechanisms by which physical stress may affect vascular function are relatively understudied.

Apical ballooning syndrome (ABS) had been recognized as an acute cardiomyopathy defined as a transient reduction in left ventricular function in the absence of obstructive coronary artery disease, occurring almost exclusively in post-menopausal women.^\[[@R4]--[@R6]\]^ A known trigger is intense emotional or physical stress manifesting as reversible left ventricular dysfunction. Previously we demonstrated a significant reduction in endothelial function at rest as well as in response to mental stress in post-menopausal women diagnosed with ABS compared to women without ABS or women with recent myocardial infarction (MI). However, the vascular response to physical stress in post-menopausal women with ABS is not well defined. In the present study, we first proposed the pain-induced peripheral artery tonometry scores (PIPATs) and hypothesized the novel micro vascular function measurement had association with endothelial response to mental stress in patients with ABS.

2. Methods
==========

2.1. Participants
-----------------

In accordance with Mayo Clinic Institutional Review Board (IRB) approved protocol, we enrolled 18 female patients who gave written informed consent and including diagnosed of ABS^\[[@R4],[@R7]\]^ (n = 8) and post-menopausal female controls (n = 10). The diagnosis of ABS required fulfillment of the following Mayo diagnostic criteria^\[[@R8]\]^:

1.  transient akinesis, hypo-kinesis, or dys-kinesis of the left ventricular mid segments with or without apical involvement, and regional wall motion abnormalities extending beyond a single epicardial vascular distribution;

2.  absence of obstructive coronary disease or angiographic evidence of acute plaque rupture;

3.  new electrocardiography abnormalities at the time of the episode (either ST segment elevation and/or T-wave inversion) or elevated cardiac troponin; and

4.  absence of pheochromocytoma or myocarditis.

A control group of post-menopausal women with no history of ABS or MI was recruited by advertisements (n = 10). The exclusion criteria for all participants included a history of liver or kidney disease, hormone replacement therapy or significant cardiovascular disease. Written informed consent was obtained from each participant.

2.2. Experimental protocol
--------------------------

Study design and patient progression through the protocol are presented in Figure [1](#F1){ref-type="fig"}. All studies were performed in a quiet, temperature-controlled room. Participants fasted for 4 hours before the study and abstained from coffee or tobacco use on the day of the examination. None of the participants used vasoactive medications within 24 hours of the study. The study was conducted in the sitting position in a comfortable chair with armrests. A fitted blood pressure cuff on the test arm was inflated to 20 mm Hg above systolic pressure for 5 minutes. The finger cuffs of the Endo-peripheral artery tonometry scores (PAT) 2000 device (Itamar Medical Inc. Ltd., Caesarea, Israel) was placed on the middle finger of each hand.^\[[@R9]\]^ This noninvasive device allows continuous recording of the signal and interpretation of the data is operator-independent as previously described.^\[[@R10]\]^ The finger probes consist of inflatable latex air cuffs connected by pneumatic tubes to an inflating device controlled through a computer algorithm. A pulsatile volume change of the distal digit induces pressure alterations in the finger cuff, which are sensed by pressure transducers and transmitted to and recorded by the Endo-PAT 2000 device. A decrease in the arterial blood volume in the distal finger-tip causes a decrease in pulsatile arterial column changes reflected as a decrease in the measured PAT signal, and vice versa. Participants relaxed for 10 minutes before initiation of the protocol. Baseline blood pressure and heart rate (HR) were obtained via a digital automated blood pressure cuff (Omron Healthcare, Inc., Vernon Hills, Illinois). Double product was calculated as systolic blood pressure (SBP) multiplied by HR.
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2.3. Mental stress protocol
---------------------------

The mental stress testing protocol was administered under the supervision of a licensed psychometrist as we previously described.^\[[@R10]\]^ Following the first reactive hyperemia trial and a subsequent rest period the 3, 6-minute mental stress tasks were performed in random order. All tasks were externally paced to accentuate the induced mental stress. Blood pressure and HR measurements were taken 30 seconds before, 2 minutes into, and at the end of each 6-minute mental stress task. Participants relaxed for 5 minutes between each mental stress task. At the end of the third and final mental stress task, the reactive hyperemia protocol was repeated. The tasks consisted of a number-letter recall challenge of increasing length and complexity (spiral omnibus), number subtraction of increasing difficulty (subtracting 1 digit from 2-digit numbers up to subtracting 3 digits from 3-digit numbers), and computerized version of the Stroop word-color conflict.

2.4. PIPATs measurement protocol
--------------------------------

Both baseline and post mental stress PIPATs were obtained using the Endo-PAT 2000 device, as described in Figure [2](#F2){ref-type="fig"}. PIPATs data were analyzed by a computer in an operator-independent manner. PIPATs were calculated as the ratio of the average amplitude of the PAT signal in the control arm when the test arm was occluded divided by the average amplitude of the PAT signal of a 3.5-min time period before cuff inflation.
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2.5. Statistical analysis
-------------------------

Continuous variables were expressed as means ± standard deviation. Categorical variables were expressed as percentages and compared by use of the Fisher exact test or *χ*^2^ tests as appropriate. Continuous variables were compared by use of unpaired *t* test or a Wilcoxon rank sum test. Pearson\'s correlation coefficient was calculated to assess the linear correlation between the vascular responses investigated. Multivariable regression models were constructed to assess how much variation is explained by the covariates in both PIPAT and stress PAT. Stepwise regression was used to identify independent predictors of PIPAT. All statistical tests were 2 sided. A value of *P* \<.05 was set a priori and considered statistically significant. All statistical analyses were performed with the Statistical Package for Social Sciences version 11.5 for Windows (SPSS, Chicago, IL)

3. Results
==========

There were no significant differences in baseline characteristics (age, weight, body mass index \[BMI\] lipid concentration) between patients with ABS (n = 8) and postmenopausal controls (n = 10) (Table [1](#T1){ref-type="table"}). Compared with postmenopausal controls, we found no significant difference in the number of nonsmokers, medication adherence, history of diabetes, history of hypertension, or family history of cardiovascular disease in ABS group.

###### 

The baseline characteristic of enrolled patients.
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As shown in Table [2](#T2){ref-type="table"}, there was no difference in the baseline physiologic variables including SBP, HR, or double product between the ABS and postmenopausal groups. The baseline SBPs were 130 ± 18mmHg and 120 ± 13mmHg for patients with ABS and postmenopausal control (*P* = .19); the baseline HR was 59 ± 9 beats/min and 67 ± 9 beat/min for patients with ABS and postmenopausal controls, respectively (*P* = .059); the baseline double products were 7866 ± 2120 and 8204 ± 1620 for patients with ABS and postmenopausal controls, respectively (*P* = .71).

###### 

Hemodynamic value of baseline and mental stress tests.
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During the Stroop color word test, SBPs increased from baseline to 132 ± 18mmHg and 124 ± 20mmHg for patients with ABS and postmenopausal controls (*P* = .50 and *P* = .55, respectively); During the mental arithmetic test, SBPs increased to 137 ± 18 mmHg and 124 ± 13 mmHg for patients with ABS and postmenopausal controls (*P* = .05 and *P* = .20, respectively); During the spiral omnibus test, SBPs increased to 136 ± 21 mmHg and 123 ± 18 mmHg for patients with ABS and postmenopausal control (*P* = .10 and *P* = .44, respectively).

During the Stroop color-word test, HR was 58 ± 8 beats/min and 67 ± 7 beats/min for patients with ABS and postmenopausal control; during the mental arithmetic test, HRs were 58 ± 8 beats/min and 65 ± 5 beats/min for patients with ABS and postmenopausal controls. During the spiral omnibus test, HR was 59 ± 8 beats/min and 65 ± 6 beats/min for patients with ABS and postmenopausal controls. There was no significantly HR increase above baseline values in mental stress tests, both in patients with ABS and menopausal controls.

During the Stroop color-word test, double products were 7861 ± 1890 and 8390 ± 1570 for patients with ABS and postmenopausal controls; during the mental arithmetic test, double products were 8170 ± 2040 and 8060 ± 1050 for patients with ABS and postmenopausal controls, respectively. During the spiral omnibus test, double products were 8180 ± 2230 and 8070 ± 1310 for patients with ABS and postmenopausal controls, respectively. Compared with baseline values, there were no significantly increases in double products during mental stress tests, both in patients with ABS and menopausal controls (all P = NS).

Both baseline and post mental stress PIPATs were significantly lower in patients with ABS, compared with post-menopausal controls *(*Fig. [3](#F3){ref-type="fig"}), there was no PIPATs values difference between smokers and non-smokers (not shown). As we previously established that stress PATs (Stroop color-words and mental arithmetic) in patients with ABS were significantly attenuated compared with post-menopausal controls.^\[[@R10]\]^ Baseline PIPATs were significantly correlated with arithmetic PAT and Stroop PAT (r = 0.47, *P* = .04 and r = 0.45, *P* = .05, respectively). Post mental stress PIPATs were significantly correlated with arithmetic PAT and Stroop PAT (r = 0.52, *P* = .03 and r = 0.62, *P* = .007, respectively). However, the spiral omnibus PATs were not significantly correlated with baseline and post mental stress PIPATs (r = 0.32, *P* = .20 and r = 0.22, *P* = .38, respectively) (Fig. [4](#F4){ref-type="fig"}). In age-adjusted stepwise regression model, lower density lipoprotein (β = −0.014, *P* = .014), high density lipoprotein (β = 0.012, *P* = .009) and total cholesterol (TC) (β = −0.012, *P* = .029) were significantly correlated with post-mental stress PIPAT but not baseline PIPAT (Table [3](#T3){ref-type="table"}).
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![The correlates between the PIPATs and mental stress PATs in the enrolled patients. PATs = artery tonometry scores, PIPATs = pain-induced peripheral artery tonometry scores.](medi-98-e13841-g006){#F4}

###### 

The stepwise linear regression models for the relationship of clinical factors and PAT.
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4. Discussion
=============

In this study, we demonstrated for the first time that there is reduced vascular response to blood pressure cuff inflation induced physical pain in patients with ABS. We also provided a direct link between the vascular response to pain and the responses to mental stress. The observation that these vascular responses to pain and mental stress appear to be similar would suggest a common underlying mechanism-potentially autonomic dysfunction previously described.^\[[@R11]\]^ Using the unique PIPATs to understand the ABS mechanisms and detect the potential populations at risk may help avoid catastrophic episodes and provide treatment to those affected.

Numerous studies had established that acute stress has been linked to increased morbidity and mortality in coronary heart disease and progression of arteriosclerosis.^\[[@R12]--[@R14]\]^ The phenomena are believed to be secondary to the endothelial dysfunction and micro vascular disease,^\[[@R15],[@R16]\]^ especially in women.^\[[@R17]\]^ In this cohort of ABS patients, the majority provided a history of strong emotional trigger. Martin, et al^\[[@R10]\]^ first observed increased vascular reactivity response to acute mental stress in patients with a prior episode of ABS. Until recently, Park, et al^\[[@R18]\]^ established that sepsis, identified as physical stress and profound inflammatory state, was another sentinel variable associated with the development of ABS. However, until these data, there was no direct evidence to elucidate the cardiovascular responses to the physical stress in ABS.

The physiological response to physical stress is similar to mental stress and involves adaptive change such as mobilization of energy sources and redistribution of blood flow.^\[[@R1]\]^ These stressors may adversely impact vascular response via the actions of corticotrophin-releasing hormone, cortisol, enhanced sympathetic nerve activation^\[[@R19]--[@R23]\]^ and pro-inflammatory cytokines.^\[[@R22],[@R23]\]^ In healthy arteries, the activation of the sympathetic system usually leads to release of nitric oxide (NO) and endothelium-derived hyperpolarizing factors via stimulation of endothelial *α*2-adrenergic receptors and consequently vasodilation,^\[[@R24]\]^ whereas in dysfunctional endothelium *α*1-adrenergic-mediated constriction of smooth muscle cells will dominate.^\[[@R25]\]^ Furthermore, there are data demonstrating acute stress could increase cortisol and Endothelin-1, which could induce the impairment of endothelial function and lead to the excessive vasoconstriction. The above-mentioned studies indicated that it is likely not sole mechanism was involved in the current response. Future studies will be needed to identify more reasonable mechanistic insight into the observed responses.

In the present study, the PIPATs appeared to provide additional information, complementary to the "traditional" mental stress-induced vascular response, suggesting the notion of possible different mechanisms of ABS. The novel stress model might be useful in future studies of potential predictive methodologies or even the treatment of ABS. Understanding the complexities of PIPATs aids in providing the assessment of response to psychological treatment aimed at improving the responses to stress. Furthermore, it appeared that the metabolic alterations associated with dyslipidemia are key factors in predicting the unique PIPATs in the enrolled women.

A study such as this certainly has limitations related to small sample size, referral bias for a large tertiary care center, and the retrospective nature of the design. In terms of technical difficulties, we estimated the PIPATs using the ratio of control arm PAT signal during cuff inflation compared with baseline amplitude. However, it might provide more information regarding to the PIPATs if we calculated the PIPATs at each 1minute interval during the cuff occlusion. Finally, the small nature of the study did not allow for mechanistic explanation or long-term follow up---both of which are studies ripe for further thought and discussion.

5. Conclusions
==============

In summary, our study demonstrated that PIPATs are attenuated in ABS subjects and significantly correlated with mental stress-induced vascular dysfunction. PIPATs could potentially serve as a novel, rapid vascular response in patients at risk for and who have suffered from ABS.
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